Carbon and alumina are important components in refractories used in the steel industry. High temperature interactions of the refractory materials with liquid metal are crucial in dictating the chemical reactions occurring at the interface, this will control the life of refractory and also the metal quality. Although, the high temperature interactions of graphite and alumina (each separately) with liquid iron have been investigated, fundamental understanding of high temperature interactions of graphite/alumina mixtures with liquid iron is far from complete. This is the focus of the present study. This study reports on the interfacial phenomena during wetting of C/Al 2 O 3 mixtures by liquid iron.
Introduction
Wettability and interfacial reactions at the metal-refractory interface are becoming increasingly important to the development of composite refractory in iron/steel making industries. Wetting parameters involve contact angle, surface tension, and interfacial tension. The interfacial reactions involve chemical reaction and mass transfer. Graphite and alumina are quite different in wettability with iron. In steelmaking applications, components such as submerged entry nozzles and many others use composite refractories made from graphite and alumina. Quantifying interfacial phenomena of graphite, alumina and their composite refractory occurring during their high temperature interactions with iron is critical in developing composite refractory materials.
Graphite consists of carbon atoms arranged in aromatic layers. Carbon atoms form a network of regular hexagons in each layer. When graphite comes in contact with liquid iron at high temperature, the dissolution reaction of carbon into liquid iron occurs, which influences the wettability of graphite by liquid iron. Many researchers [1] [2] [3] [4] [5] [6] [7] [8] have conducted the experimental investigation of wettability between graphite and pure iron, graphite and Fe-C alloy, at temperatures of 1 300-1 550°C, under the inert atmospheres of helium, argon and hydrogen gases and in vacuum. These studies showed that pure iron had good wetting on graphite at the high temperatures under the atmospheres, helium and hydrogen and argon gases. The contact angles were in the range 0°to 66°and the works of adhesion were in the range 2.1 to 3.3 (N/m). However, the wetting status changed from wetting (Ͻ90°) to non-wetting (ϳ140°) with different carbon levels in iron. The contact angle increased with carbon in iron. The work of adhesion decreased with carbon in iron.
Corundum, a-Al 2 O 3 , is the thermodynamically stable oxide of aluminum. 9) Alumina is used as an important high temperature ceramic material. The wettability of alumina by liquid iron has been investigated since 1960s. Research on the wettability of alumina by liquid iron, as reported in the literature, 1, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] suggest that the contact angles were in the range 100°to 141°and the works of adhesion were in the range 0.41 to 1.28 (N/m) at 1 530-1 600°C under the inert atmospheres, helium, argon and hydrogen gases. Under oxidizing atmosphere the contact angle reduced and the liquid metal wetted the substrate of alumina.
The aim of the present study is to study interfacial phenomena during the high temperature interactions of the composite refractory, bearing graphite and alumina, with liquid iron. This includes studies of wettability and interfacial reactivity of graphite/alumina mixtures with liquid iron. This study will provide fundamental understanding regarding the reactivity of graphite/alumina-based refractory materials with liquid iron, which is essential to the development of these refractory materials for current and future applications.
Experimental Materials and Method
There are three materials used in experiments. The electrolytic pure iron is with the purity of 99.98 %. The commercial graphite with the purity of 99 % C, ash content less than 1 % and particle size around 10 mm. The density is 1.7 (kg/m 3 ). The commercial alumina with the purity of 99.8 % Al 2 O 3 and ash contents less than 0.2 % and particle size around 10 mm. The density is 3.99 (kg/m 3 ). The three kinds of substrates were made of graphite powder, alumina powder, and these two mixtures respectively. Those powders were compressed into a shape with 3-5 mm in height, 23 mm in length and width, under a load of 9 tons. Before compression, two powders were mixed completely. The composition of samples is shown in Table 1 .
Interfacial phenomena and wettability between the electrolytic pure iron and substrate samples were studied by using sessile drop approach at 1 600°C in the horizontal tube furnace under an inert argon atmosphere. The processes of melting and wetting of metal on substrates were monitored and recorded by a CCD camera and a video cassette recorder respectively. A schematic of the experimental set up is shown in Fig. 1 . The metal was placed on the substrate and then the assembly of metal and substrate was placed inside the cold zone of the furnace that was sealed carefully to prevent infiltration of air. The system was flushed with inert argon gas throughout the processes of heating up and cooling down the furnace. Before the required temperature 1 600°C was reached the assembly of metal and substrate was placed in the hot zone temporarily, when the temperature was around 900°C, for focusing image and then was held in the cold zone to prevent any undesirable reaction. After the desirable temperature was achieved and the temperature equilibrium was established in the hot zone of the furnace, the assembly of metal and substrate was introduced into the hot zone of the furnace through a sliding mechanism. The wetting image of the liquid melt on the solid substrate was monitored and recorded by a CCD camera which was connected to a date/time generator, video cassette recorder (VCR), and color TV. The image from the CCD camera was recorded on videotape for subsequent analysis. The date/time generator permitted the recording of images as function of time, which was for analyzing the dynamic wetting process.
For carbon pickup from substrate, the assembly of metal and substrate was held in the hot zone of the furnace for defined periods of time, and then rapidly moved to the cold zone for quenching. Carbon in samples was analyzed by the carbon/sulfur analyzer.
Results

Graphite Substrate
From the images on videotape recorded by CCD camera, the contact angles at various times were measured. Based on the measured data, the time profiles of contact angle of electrolytic iron on graphite substrate are plotted in Fig. 2 . The contact angle at the iron/graphite interface was 64°at the initial, down to 38°after 9 min and then remained steady. Typical images taken at the initial and 45th minute are displayed in Figs. 3 and 4 , respectively. Figure 3 shows that the initial contact angle was 64°at the time of 1 sec after the iron melted. Figure 4 shows that the no more changed contact angle was 38°at the time of 45 min after the iron melted.
Alumina Substrate
The contact angles at various times were measured. The time profiles of contact angle of electrolytic iron on alumina substrate are also displayed in Fig. 2 to provide a comparison with the graphite substrate. The contact angle at the interface of iron and alumina substrate remained constant at 125°and did not change during the experiment that is during a period of 2 h.
Composite Substrates
The composite substrate containing 9.1, 16.7, 23.1, 28.6 and 37.5 % alumina, are referred to as Ga025, Ga050, Ga075, Ga100 and Ga150, respectively. The contact angle variations with time of electrolytic iron on the composite substrates are shown in Fig. 5 . After approximately 9 min, contact angles did not change. The contact angles are 44.5°, 49°, 88°, 98°and 115°for the composite substrates Ga025, Ga050, Ga075, Ga100 and Ga150, respectively.
Carbon Dissolution from Graphite Substrate into
Iron The carbon contents are measured at different times and are listed in Table 2 . Figure 6 indicates the dissolution of carbon in iron with time. It can be seen that the dissolution of carbon in iron is very quick. The carbon content reached 2.67 % when iron was melting for 20 sec, 4.23 % when the iron was completely molten at the time of 38 sec, 5.36 % at the time of 1 min and 5.62 % after 2.5 min, which is the saturation content of carbon in this system.
Carbon Dissolution from Composite Substrates
into Iron The carbon dissolution in liquid iron was measured from the time that the iron on the composite substrate started melting. The carbon contents in iron on different substrates after 45 min were measured and are listed in Table 3 . Figure 7 indicates the carbon content of iron, at approximately 45 min after initiation of melting, on different substrates. The results show that approximately between 16.7 % and 23.1 % alumina, the carbon content of iron shows a sharp drop from 4.38 to 2.35 %. These results show that at certain levels of alumina and beyond, the carbon dissolution is retarded to a significant extent. 
Discussion
As carbon dissolution behaviour is different in the systems of Fe/Graphite, Fe/Alumina, and Fe/Graphite with Alumina, there are different wettability parameter g lv cos q. If wettability parameter is greater than zero, the system will be wetting. If wettability parameter is less than zero, the system will be non-wetting. The wettability parameters for these systems will be compared when the contact angles almost keep constant.
Surface Tension of Liquid Iron
According to Keene 20, 21) and Poirier, 22) the surface tension of pure liquid iron as a function of temperature could be given by the following equation. Where g lv is the surface tension of pure liquid iron in N/m and T is temperature in K.
For pure iron, according to the Eq. (1), the surface tension is 1.903 (N/m) at 1 600°C. This surface tension of pure iron is applicable in the case of iron/alumina system.
In the case of the pure iron and graphite system, although the pure iron was used, the carbon in graphite had dissolved into iron, thereby increasing the carbon content of iron. Keene 20) summarised studies on the effects of carbon on the surface tension of liquid iron, this is given in In this study, during the wetting of graphite by iron, upon the completion of melting, the contact angle was 64°and the carbon concentration in liquid iron was determined to be 4.23 %. After 10 min, the contact angle was 38°and remained unchanged, the carbon concentration in liquid iron had reached 5.62 %, which is the saturation content of carbon. The surface tension of liquid iron at 1 600°C is 1.594 (N/m).
In the iron and alumina/graphite systems, when the iron melted for approximately 45 min, the carbon concentration in iron on the substrates were in the range 0.05-5.03 %, as listed in Table 3 . Using the Eqs. (1) through (3), the surface tension of liquid iron at 1 600 (°C) on all substrates is calculated, and is in the range 1.6212-1.8995 (N/m), and is listed in Table 5 .
The oxygen concentration in liquid iron was assessed by measuring carbon monoxide when the experiments were conducted. The equilibrium constant of the reaction Cϩ OϭCO can be calculated by the equation, 23 The results show oxygen decreases the surface tension of liquid iron in the range 0.0012 to 0.000011 (N/m). In this case, the contribution of oxygen to the surface tension of liquid iron is very small. Accordingly change in g could be ignored.
Carbon Dissolution from Graphite Substrate into Iron
The initial contact angle of iron on graphite is 64°. After the first minute, the carbon content in iron is 5.36 %. The contact angle is about 56°. After two and half minutes, the carbon content in iron is 5.62%, which is the saturation content. The contact angle is about 49°. After this stage, the carbon content does not change. However the contact angle decreases further due to the response of the system to the modified interface consisting of the graphite substrate. The contact angle achieved a stable value of 38°after 9 min.
Carbon Dissolution from Composite Substrates into Iron
The carbon content of iron shows a sharp decrease from 4.38 to 2.35 %, as the alumina content increased from 16.7 to 23.1 %, as shown in Fig. 7 . The presence of alumina in the solid substrate retarded carbon dissolution, resulting in decreasing the carbon content of iron, as shown in Fig. 7 . The presence of alumina in the solid substrate was also seen to have a strong influence on the contact angle at the solid/liquid interface. With increasing alumina content, the contact angle is seen to increase. The dependence of final contact angle on alumina content is shown in Fig. 8 . Furthermore, as the alumina content increased from 16.7 to 23.1 %, the contact angle demonstrated a sharp increase from 49°to 88°, that is from good wetting to almost nonwetting. This is the same range of alumina content over which a sharp decrease in the carbon content of iron was observed. These results indicate that the carbon content and contact angle are interdependent.
To establish the relationship between carbon dissolution and contact angle, the contact angle was plotted against the carbon content of iron for the various substrates, and is shown in Fig. 9 . It can be seen that contact angle decreased with increasing carbon content. Figure 9 shows the strong relationship between contact angle and carbon content of iron. This demonstrates that carbon dissolution results in the improvement of wetting at the solid/liquid interface.
Since the contact angle and carbon content of iron demonstrate a good linear relationship, it is possible to express this relationship between them on the basis of the following equation, which has a high regression coefficient, R 2 ϭ0.9904. where q is contact angle in (°), C is carbon content of liquid iron in (wt%) and this equation is applicable in the alumina content range in the range 0 to 37.5 (wt%), which corresponds to the carbon content range 5.62 to 0.05 (wt%). The other experimental conditions are that the experimental temperature is 1 600°C, the reaction time between liquid iron and substrate is around 45 min, the mass of liquid iron is 1 g, and the grain sizes of graphite and alumina are both around 10 mm.
Wettability Parameter
The wettability parameters for the systems of Fe/ Graphite, Fe/Alumina, and Fe/Graphite with Alumina are calculated and listed in Table 5 . The dependence of wetting parameter on alumina content is plotted in Fig. 10 . As the alumina content increased from 16.7 to 23.1 %, the wettability parameter demonstrated a sharp decrease from 1.08 to 0.06 (N/m), that is from good wetting to almost non-wetting. This demonstrates that alumina reduces wetting at the solid/liquid interface.
Conclusions
Interfacial phenomena during the interaction of liquid iron and graphite/alumina mixtures were studied. This included both wetting and mass transfer occurring at the solid/liquid interface. The following conclusions could be made from this study.
(1) During contact of iron and graphite, at the initial stage, that is when the iron had melted completely, the carbon content had reached 4.23 %, and at the final stage the saturation carbon content of 5.62 % is achieved under the experimental condition. The contact angle changed from 64°at the initial state when the iron had melted completely, to 38°at the final state which the carbon content had reached saturation.
(2) The presence of alumina in the solid substrate was seen to have a strong influence on the contact angle at the solid/liquid interface. When the alumina content increased from 16.7 to 23.1 %, the contact angle demonstrated a sharp change from good wetting to almost non-wetting. A strong relationship between contact angle and carbon content of iron is observed.
(3) The presence of alumina in the solid substrate retarded carbon dissolution, resulting in decreasing the carbon content of iron. The carbon content of iron shows a sharp decrease from 4.38 to 2.35 %, as the alumina content increased from 16.7 to 23.1 %. This is the same range over which a sharp change in wetting status is observed.
(4) Wettability parameter demonstrated that alumina in the solid substrate deteriorated the wetting at the solid/liquid interface.
